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This study characterizes a brittle culm (bc88) mutant of rice (Oryza sativa L.) obtained by ethylene methylsulfonate (EMS)-in- 
duced mutagenesis of Wuyunjing 7. The bc88 mutant exhibits a diversity of pleiotropic phenotypes, including brittle culm at the 
whole-plant growth stages, withered leaf tips at the seedling stage, and 18-d delay in heading date at the mature stage. Genetic 
analysis indicates that the bc88 mutant is controlled by a single recessive nuclear gene. The mutated bc88 gene isolated by 
map-based cloning contains only one point mutation in the 5th exon relative to its wild-type BC88 (LOC_Os09g25490 and 
Os09g0422500), leading to an amino acid change from P to L in bc88 plants. Alignment of the putative protein sequence with its 
homologs indicates that the mutation is located in the conserved region of the sequence. Detection of the transcription level of 
BC88 in rice plants shows that the expression level of BC88 is higher in spikes and culms than in leaves, roots, and leaf sheaths. 
These contribute to understanding of the molecular mechanism of cellulose synthesis. The target gene BC88 can be a useful tool 
in molecular marker-assisted selection for rice culm trait breeding. 
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Plant cell wall plays an important role in maintaining cell 
shape and straw stiffness. Most importantly, it serves as a 
skeletal framework of plants, which affects the lodging re-
sistance of plants and promotes the production of crops [1]. 
Common components of cell wall include cellulose, hemi-
celluloses, pectins, lignins, and pectic polysaccharides, of 
which cellulose is the main constituent of cell wall in most 
plant species [2,3], and brittleness mutants commonly show 
variations in cellulose content. Cellulose synthase catalytic 
subunit (CesA) is an important component that controls the 
content of cellulose in plants, which indirectly affects the 
lodging resistance in rice as well as the crop yield. 
The CesA, first isolated from cotton [4], commonly con-
tains 8 transmembrane domains with a large cytoplasmic 
region between the 2nd and the 3rd transmembrane domains 
[5]. So far, 10 CesA genes have been identified in Ara-
bidopsis and 9 in rice and typically classified into 2 groups 
based on the phylogenetic analysis. Of these, one group 
regulates the primary cell wall, and the other regulates the 
secondary cell wall. CesA genes have been cloned in Ara-
bidopsis and rice using molecular genetic methods. Evi-
dence from CesA mutants in Arabidopsis shows that the 
CesA gene encodes the enzyme responsible for cellulose 
synthesis [6]. Arabidopsis mutants, i.e., irx1 (irregular xy-
lem1), irx3 and irx5 genes destroy the function of AtCesA8, 
AtCesA7 and AtCesA4, respectively [7–10]. These CesAs 
form a complex CesA triplex responsible for cellulose syn-
thesis [11]. In rice, OsCesA4, OsCesA7, OsCesA9 form a 
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similar complex that is involved in the synthesis of the sec-
ondary cell wall. Once the function of CesA protein is  
inhibited or lost, individual plants usually become fragile 
because of the reduction of cellulose content [12–14]. In 
Arabidopsis, at least 13 irx genes have been identified. Of 
these, irx6 encodes a member of the COBRA family, which 
is similar to phytochelatin synthetase and is involved in the 
biosynthesis of the secondary cell wall [15]. Brittleness 
mutants are accompanied by a number of chemical changes, 
such as reduced levels of cellulose and sugars in cell wall, 
which develop the phenotype of brittle culm. These mutants 
are of great research value for understanding the mechanism 
of cellulose formation in plant cell wall. 
To date, at least 12 bc mutants (bc1, bc2, bc3, bc4, bc5, 
bc6, bc7, bc10, bc11, bc12, bc14, and bc15) have been 
characterized in rice. BC1 shows high similarity to irx6 in 
Arabidopsis, regulating the biosynthesis of secondary cell 
wall to provide the main mechanical strength of rice plants 
[16,17]. BC3 encodes a member of the classical dynamin 
protein family. It is tightly involved in the synthesis of cel-
lulose and is essential for the formation of the secondary 
cell wall [18,19]. BC5 regulates the formation of secondary 
cell wall in node sclerenchyma tissues [20]. BC7 and BC11 
encode the OsCesA4 protein, which is rich in plasma mem-
brane so that abnormal cell wall is developed [10,13]. Dif-
ferent from BC11, BC12 is likely regulated by CDKA. It 
encodes a kinesin-4 protein and acts as a dual-targeting ki-
nesin protein, regulating the cell-cycle progression [21]. In 
recent years, some key genes related to cellulose biosynthe-
sis through the brittle culm mutants in rice had been cloned, 
e.g., BC14 and BC15. BC14 encodes a Golgi nucleotide 
sugar transporter [22], while BC15 encodes a membrane- 
associated chitinase-like protein. Both play an important 
role in polysaccharide synthesis in rice [23]. The previous 
findings of these genes make a significant contribution to 
the understanding of the mechanism of cellulose synthesis 
in plants. 
This study characterized a brittle culm88 mutant of the 
japonica rice variety Wuyunjing 7 obtained by ethylene 
methylsulfonate (EMS)-induced chemical mutagenesis. 
Genetic analysis indicated that bc88 was controlled by a 
single recessive nuclear gene. The mutation site of bc88 was 
identified by map-based cloning, which caused various 
morphological and physiological changes. BC88 is related 
to cellulose synthesis, which is allelic to BC6. 
1  Materials and methods 
1.1  Plant materials 
The mutant was obtained from mutagenesis of the Wuyun-
jing 7 variety induced by EMS (Sigma Corporation, USA). 
In this paper, the plant with brittle culm is referred to as the 
bc88 mutant. Crosses were made between bc88 and conven-
tional varieties Nipponbare, TN1, ZF802, and NJ06. 
EMS-treated seeds from the F1 and F2 generations were used 
for further researches. The F2 individuals with the mutant 
phenotype were selected for gene mapping. The rice plants, 
including bc88, conventional rice varieties, and F1 and F2 
generations were transplanted individually in the field in 
Hangzhou (120°00′E, 30°06′N) in spring, or in the Linshui 
County (110°02′E, 18°03′N) in winter. 
1.2  Genetic analysis of mutant bc88 
As bc88, bc1 [16], bc3 [19], bc10 [24], bc11 [13] and bc12 
[21] share similar phenotypes, crosses between bc88 and the 
other 5 mutants (bc1, bc3, bc10, bc11 and bc12) were made. 
The phenotypes of the F1 and F2 generations of different 
crosses were recorded. The separation ratios were calculated 
to determine whether these genes were allelic. In addition, 
reciprocal crosses between bc88 and 4 common varieties 
(Nip, TN1, ZF802, and NJ06) were made to study the ge-
netic mechanism of bc88. The software SAS 8.0 was used 
to compute the Chi-square value. 
1.3  Identification of linkage marker 
Total DNA was extracted from fresh rice leaves using the 
CTAB method as described by Sun et al. [25] with slight 
modifications. Twenty individual plants with brittle culm 
phenotype were selected from the populations of “bc88/ 
TN1” and “bc88/ZF802”, respectively. The bulked segre-
gant analysis (BSA) [26] was used to identify candidate 
markers linked to bc88.  
1.4  Gene mapping of BC88 
Polymorphism analyses of the parents of the segregation 
population were accomplished using simple sequence repeat 
(SSR) markers. The F2 generation was used to screen poly-
morphic markers to analyze linkage groups of the bc88 gene, 
and the linked markers were carried through to linkage 
analysis of the mutant individuals. The simple sequence 
repeat (SSR) markers were uniformly distributed over the 
12 rice chromosomes. The PCR assay was carried out ac-
cording to Panaud et al. [27] using an EDC-810 PCR ma-
chine (DongSheng Biotech Corporation). The PCR products 
were checked by running 4% agarose gel electrophoresis. 
After ethidium bromide staining, the gel was virtualized and 
observed using a gel imaging system (ALphalmager EP, 
Alpha Innotech Corporation, USA). Primers were designed 
for the sequence-tagged site markers and cleaved amplified 
polymorphic sequence markers using Primer Premier 5 ac-
cording to the differences in sequence between japonica 
(http://rgp.dna.affrc.go.jp) and indica var. 93-11 (http:// 
www.rise.genomics.org.cn) on chromosome 9. The de-
signed primers were used for fine mapping of the BC88 
gene. 
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1.5  Identification of candidate genes 
To identify the candidate genes, the genomic sequence con-
taining BC88 was examined using the websites for Nippon-
bare genome prediction and full-length cDNA sequences 
(http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/).  
The alleles of the candidate genes for the two mapping 
parents as well as its wild-type were sequenced and then 
compared with each other to detect potential differences. 
Primers were designed for sequencing using the Primer 
Premier 5 software. Multiple sequence alignment was ac-
complished using program CLUSTALX 2.0. 
1.6  Detection of BC88 expression 
At the heading stage, total RNA was extracted from the root, 
stem, sheath, leaf, and spike of bc88 using the TRIzol rea-
gent (Invitrogen, USA). The extracted RNA was converted 
into first-strand cDNA using the Rever Tra qPCR RT kit 
(Toyobo Corporation, China). BC88 gene expression was 
studied by real-time quantitative PCR (Biometra) using 
BC88 gene full-length cDNA as template. 
2  Results 
2.1  Morphological characteristics of bc88 
The bc88 was brittle at the whole-plant growth stages, with 
culms easily broken by bending (Figure 1(b)). Withered leaf 
tips appeared in bc88 from the seeding stage to the mature 
stage (Figure 1(c)), which facilitated sampling. The average 
tiller number of bc88 was 6, much less than the wild-type 
Wuyunjing 7 at mature stage (Figure 1(a), Table 1). Com-
paring to the wild-type, bc88 showed an 18-d delay in 
heading date. All spikelets in the wild-type were heading 
completely, while only some spikelets emerged in panicles 
of bc88 (Figure 1(a)). The stems of bc88 were approxi-
mately 60 cm in height, much shorter than those of the 
wild-type (Figure 1(a), Table 1). Comparison of the vegeta-
tive shoots length between bc88 and its wild-type showed 
that each shoot of the former was shorter than that of the 
latter (Figure 1(d)). In addition, bc88 was accompanied by a 
number of pleiotropic phenotypes, e.g., shorter roots (Figure 
1(e)), and fewer numbers of secondary branches (Table 1). 
However, bc88 and its wild-type were not apparently dif-
ferent in some agronomic traits, including the percentage of 
seed-setting and the number of primary branches (Table 1). 
In addition, the cellulose content was reduced by approxi-
mately 40% in the fresh weight of bc88, accounting for the 
bittle phenotype of bc88 (Table 1).  
2.2  Genetic analysis of mutant bc88  
The bc88 consistently exhibited the mutant phenotype after 
several generations of continuous selfing. Crosses between 
bc88 and other mutants with similar phenotypes (bc1, bc3, 
bc10, bc11 and bc12) suggest that bc88 is not allelic with 
any of those genes. The F1 population exhibited a wild-type 
phenotype, with no brittle phenotype observed in F1 popula-
tion, similar to the wild-type. In the F2 generation, all of the 
P-values were > 0.05, and the ratio of normal phenotype to 
bc88 in each combination was close to 9:7 (Table 2), corre-
sponding to the genetic relationships of two non-allelic  
 
 
Figure 1  The morphological differences between bc88 and its wild-type plants. (a) Left, wild-type; right, bc88; bar=25 cm. (b) Left, a culm of wild-type; 
right, an easily broken bc88 culm (arrow); bar=0.75 cm. (c) bc88 leaf tip phenotype. Left, wild-type; right, bc88; bar=2 cm. (d) Comparison of the internode 
length of the bc88 mutant compared to its wild-type. Left, wild-type; right, bc88; bar=4 cm. (e) Root length of the bc88 mutant compared to its wild-type. 
Left, wild-type; right, bc88; bar=4 cm. 
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Table 1  Comparison of the major agronomic traits between bc88 and its wild-type rice 
Agronomic traits Height (cm) Tiller number 
Percentage of  
seed-setting (%) 
Number of  
primary branches 
Number of  
secondary branches 
Cellulose content  
(mg g–1 fresh weight) 
Wild-type 91.5±5.25 9.2±1.05 87.90±9.83 14.67±2.41 39.67±7.25 61.8±3.43 
bc88 60.4±4.35 6.1±1.24 85.42±10.15 13.3±3.26 15.67±3.35 37.4±2.15 
Table 2  Genetic analysis of F2 populations derived from crosses between bc88 and other similar mutants 
Combination 
F1 F2 χ2 (9:7) P-value 
Wild-type bc88 Wild-type bc88 
bc88/bc1 7 0 123 90 0.1938 0.6597 
bc88/bc3 6 0 105 76 0.2281 0.6329 
bc88/bc10 6 0 108 75 0.5691 0.4506 
bc88/bc11 5 0 98 71 0.2075 0.6488 
bc88/bc12 10 0 203 152 0.1256 0.7230 
 
 
genes. The F1 populations derived from the reciprocal 
crosses between bc88 and other common varieties (Nip, 
TN1, ZF802, and NJ06) showed normal phenotypes. These 
results indicate that bc88 is controlled by a recessive nucle-
ar gene (Table 3). Further analysis of the phenotypes in the 
F2 generation and the calculation of Chi-square value 
showed that the ratio of wild-type phenotype to bc88 in 
each combination was close to 3:1. This confirms that the 
characteristic of bc88 is qualitative and controlled by a sin-
gle recessive nuclear gene. 
2.3  Fine mapping and cloning of bc88 
A total of 108 pairs of SSR markers, which were polymor-
phic between the parents and uniformly distributed over the 
12 rice chromosomes with intervals ranging from 10–20 cM, 
were selected for detection of amplification diversity be-
tween F1 genomic DNA and mutant pool DNA as well as 
for primary mapping of the target gene. The marker RM566, 
located on chromosome 9, exhibited significant amplifica-
tion diversity between F1 genomic DNA and mutant pool 
DNA. Twenty individual plants that were used to construct 
the mutant pool were tested whether RM566 was linked 
with the target gene phenotype and the result was positive. 
New markers close to RM566 were developed for PCR am-
plification and detection. The results show that the molecu-
lar marker RM3700 is linked with the target gene and its 
recombinant individuals are different from those of RM566. 
This indicates that the BC88 gene is located between the 
markers RM566 and RM3700 (Figure 2(a)). Among the 
1082 mutant individuals separated by RM566 and RM3700, 
45 and 11 recombinant individuals were detected, based on 
which the genetic distances between the BC88 gene and 
RM566 or RM3700 were calculated, i.e., 2 and 0.5 cM, re-
spectively. For fine mapping, markers were developed be-
tween RM566 and RM3700 (Table 4). Then, the candidate 
region containing the BC88 locus was narrowed between 
the markers P2 and P9, containing 4 BACs (Figure 2(b)). 
The STS markers P2, P3, P4, P5 and P6 revealed 13, 8, 7, 4 
and 1 recombinants, respectively (Figure 2(c)), while the 
markers P9, P8 and P7 indicated 7, 3 and 1 recombinants, 
respectively. The BC88 gene is located in a 65.4-kb DNA 
region between the markers P6 and P7 (Figure 2(c)), which 
contains 9 ORFs. However, sequence comparison involving 
the region from the mapping parents and Wuyunjing 7 
shows that only one of these candidate genes (LOC_ 
Os09g25490) is polymorphic (Figure 3). bc88 has one 
base-pair substitution only at position 1784 in the 5th exon  
Table 3  Genetic analysis of F2 populations derived from crosses between bc88 and other common varieties 
Combination 
F1 F2 χ2 (3:1) P-value 
Wild-type bc88 Wild-type bc88 
bc88/Nip 9 0 208 63 0.444 0.5052 
Nip/bc88 10 0 234 71 0.482 0.4875 
bc88/TN1 7 0 184 54 0.6779 0.4103 
TN1/bc88 9 0 221 65 0.7879 0.3747 
bc88/ZF802 11 0 254 80 0.1956 0.6583 
ZF802/bc88 12 0 265 84 0.1614 0.6879 
bc88/NJ06 11 0 243 76 0.2351 0.6278 
NJ06/bc88 14 0 288 89 0.3899 0.5323 
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Table 4  Markers for BC88 gene mapping 
Primer Forward primer (5′→3′) Reverse primer (5′→3′) 
RM566(P1) ACCCAACTACGATCAGCTCG CTCCAGGAACACGCTCTTTC 
P2 GAGGCGGTCAGGTGGATGCT CGCCAAACGGGCAAGCAA 
P3 GGAGTCCCATCCAAACATAGT GGTGGCAGAGCAGGTTGTC 
P4 CGGTGGATCTTCGTCTTG TCTGGTGGTAGATTGGTAGTG 
P5 TAGTGGCCCAATCTCCTT CAGTGCCCTGGTTCTTCT 
P6 CTGCGTTGGTTAGGAGTC ATGCGTGAGCAGAAGTCC 
P7 TATCTCCAGTTCTCCACCCAC GGAAGCGGAGGAATTATTGA 
P8 GACAGGGAGTTCTGGATC CACATATCACAGGCTACA 
P9 CTGACCGTCCGATCTAACATG TCGCCGTGGAATGAGTTT 




Figure 2  Fine mapping of BC88. (a) BC88 is located between the markers RM566 and RM3700. (b) BC88 is mapped to the region between the markers P2 
and P9, consisting of 4 BACs. (c) BC88 is mapped to a 65.4-kb region between the markers P6 and P7. (d) BC88 structure and the mutation site in bc88. The 
white boxes represent the 5′ and 3′ untranslated regions, the black boxes represent the coding sequences and lines between boxes represent introns. The as-
terisk indicates the mutation site. 
 
Figure 3  Sequencing of Wuyunjing 7 and bc88, mutation site (arrow).  
of BC88 (LOC_Os09g25490, Os09g0422500) compared to 
the Wuyunjing 7 variety of rice. This missense mutation, 
changed from CCG to CTG, leads to the variation in 421th 
amino acid (proline to leucine) in bc88 plants (Figure 2(d)). 
2.4  Expression analysis of BC88 
Tissue-specific expression of the BC88 gene at the heading 
stage revealed that BC88 was expressed universally in rice. 
The expression level of BC88 was found significantly high-
er in spikes and culms than in root, leaf and leaf sheath 
(Figure 4). 
3  Discussion 
A series of mutants for various traits in rice form the basis 
of genetic analysis and functional genomics [28–30]. There 
are a large number of BC genes identified in rice and Ara-
bidopsis [31]. In addition to brittle phenotype, this study 
found substantial changes between bc88 and its wild-type. 
The most significant difference between bc88 and other  
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Figure 4  Expression of BC88 in various tissues at the heading stage. S, 
spike; L, leaf; C, culm; R, root; and LS, leaf sheath; Rice Actin1 used as 
control. BC88 Primer for BC88: F, ACCCACCCAAGGGACCCAAGAG; 
R, ACAAACTCGCAAACGTGCTAATCG. 
brittle rice mutants is related to the 18-d delay in heading 
date in bc88. That is, when all spikelets of the wild-type 
were heading completely, only part of the spikelets emerged 
in panicles of bc88 (Figure 1(a)). However, the seed setting 
rate of bc88 was almost the same as that of its wild-type, 
possibly due to the impact of BC88 on the expression of 
flowering genes. In addition, the bc88 exhibited a semi- 
dwarf phenotype compared with the wild-type. Subsequent 
measurement of each intermodal elongation of bc88 as well 
as its wild-type showed that the former was shorter than the 
latter. Thus, bc88 belongs to the dn type of dwarf mutants 
(Figure 1(d))[32].  
More recently, an allelic to BC88, named BC6 has been 
reported [5]. Although bc88 and bc6 were both obtained by 
EMS treatment, their wild-type was different, i.e., Wuyun-
jing 7 variety for the former and IR68 variety for the latter. 
The phenotype of bc88 is recessive, different from the 
semi-dominant brittle phenotype of bc6. In addition, bc88 
shows pleiotropic phenotypes similar to bc3 and bc11 mu-
tants, such as dwarfism or withered leaf tips [19,13,33]. In 
contrast, no pleiotropic phenotypes have been observed in 
bc6. bc88 shows only one point mutation in the 5th exon of 
Os09g0422500, while the mutation incident occurred in the 
7th exon of Os09g0422500 in bc6. Both of them have mis-
sense mutation. Regarding the more severe phenotype of 
bc88 compared to bc6, we speculate that the mutation of 
bc88 occurs in a conserved region that is critical to protein 
function, resulting in the more significant inhibitory effect 
than bc6. 
DNA sequencing demonstrates that BC88 gene has one 
nucleotide substitution, whereas the allelic sequence of bc88 
is exactly the same as that of Wuyunjing 7. According to the 
Rice Genome Annotation website (http://rice.plantbiology. 
msu.edu/), the candidate gene for bc88 encodes a cellulose 
synthase. Thus, BC88 is related to the cellulose synthesis 
pathway, consistent with the finding in BC6 [5]. Cellulose is 
a major component of plant cell wall, which can be grouped 
into three basic types according to the wall thickness, i.e., 
parenchyma, collenchyma, and sclerenchma [33]. Toshi-
hisai has indicated that BC6 is a secondary cell wall-specific 
CESA. Hence, BC88 likely plays an important role in the 
secondary cell wall as well. Multiple sequence alignment of 
BC88 protein with its homologs in rice and other species 
shows that the mutation occurs in a highly conserved region 
(Figure 5), thus may exert a significant negative effect on 
the protein function. Tansmembrane structure analysis in-
dicates that the BC88 protein consists of 8 transmembrane 
domains. This suggests that BC88 encodes a membrane 
protein (Figure 6). RT-PCR assay of BC88 expression in 
different tissues shows that the expression reached much 
higher levels in spike and culm than in leaf, root, and leaf 
sheath. Further functional analysis of BC88 remains diffi-
cult due to the low transgene efficiency of the Wuyunjing 7 
variety as well as the bc88 mutant. 
Plant mechanical strength is an important agronomic trait 
in rice. To enhance the mechanical strength in rice improves 
the lodging resistance in rice plants while reducing the loss 
of crop yield. On the other side, rice varieties with brittle 
culm could reduce the energy consumption of straw pro-
cessing, producing materials easily serving as animal feed 
and straw returning. The change in mechanical strength of 
rice stem, usually accompanied with the change in cell wall 
structure or composition, is contributed to the transfor-
mation from straw ingredients to efficient biomass by man-
ual adjustment. The cloning of BC88 is beneficial to the 
understanding of the regulation mechanism of plant me-
chanical strength, and the breeding of lodging-resistant va-
rieties or plants with brittle culms.   
 
 
Figure 5  Alignment of amino acid sequences of BC88 with other similar 
sequences. (a) Among different species; and (b) in Oryza sativa L. The 
arrow indicates the residue mutated in bc88. Accession numbers for the 
sequences of OsCesAs and relevant sequence in other species are as fol-
lows: NP_001105532.1; BAJ85783.1; NP_197244.1; AAX18649.1; 
XP_002963550.1; XP_001767133.1; Os03g0837100; Os07g0424400; 
Os07g0252400; Os03g0808100; Os07g0208500; Os05g0176100. 
 
Figure 6  Transmembrane structure analysis of BC88 protein. 
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